Protease-activated receptor-1 (PAR1), a G protein-coupled receptor (GPCR) for thrombin, is irreversibly proteolytically activated, internalized and then sorted to lysosomes and degraded. Internalization and lysosomal sorting of activated PAR1 is critical for termination of receptor signaling. We previously demonstrated that activated PAR1 is rapidly phosphorylated and internalized via a clathrin-and dynamindependent pathway that is independent of arrestins. Towards understanding the mechanisms responsible for activated PAR1 internalization through clathrin-coated pits we examined the function of a highly conserved tyrosine-based motif, YXXL, localized in the cytoplasmic carboxyl tail of the receptor. A mutant PAR1 in which tyrosine-383 and leucine-386 were replaced with alanines (Y383A/L386A) was significantly impaired in agonist-triggered internalization and degradation compared to wildtype receptor. In contrast, constitutive internalization and recycling of unactivated PAR1 Y383A/L386A mutant was unaffected, suggesting that tonic cycling of the mutant receptor remained intact. Strikingly, a PAR1 C387Z truncation mutant in which the YXXL-motif was exposed at the carboxyl terminus constitutively internalized and degraded in an agonist-independent manner, whereas C387Z truncation mutant in which the critical tyrosine and leucine were mutated to alanine (C387Z-Y383A/L386A) failed to internalize. Inhibition of PAR1 C387Z mutant constitutive internalization with dominant-negative K44A dynamin blocked agonist-independent degradation of the mutant receptor. Together these findings strongly suggest that internalization of activated PAR1 is controlled by multiple regulatory mechanisms involving phosphorylation and a highly conserved tyrosine-based motif, YXXL. This study is the first to describe a function for a tyrosine-based motif, YXXφ, in GPCR internalization and reveal novel complexities in the regulation of GPCR trafficking.
INTRODUCTION
Trafficking of activated G protein-coupled receptors (GPCRs) is a regulated process important in signal termination, receptor resensitization and down-regulation.
Upon activation, GPCRs are rapidly phosphorylated by G protein-coupled receptor kinases, which facilitates the binding of arrestins to intracellular domains of the receptor (1). Arrestin binding not only serves to functionally uncouple the receptor from G proteins as part of the desensitization process, but also promotes internalization of the receptor through direct and indirect interactions with components of the clathrin endocytic machinery (2) . In many cases, agonist dissociates from the GPCR within endosomes; the receptor is then dephosphorylated and returned to the plasma membrane in a resensitized state competent to signal again. The trafficking of internalized GPCRs from endosomes to lysosomes also contributes to receptor downregulation, another important process for signal termination (3) . The mechanisms involved in down-regulation of GPCRs by internalization and lysosomal sorting are not clearly understood.
Protease-activated receptor 1 (PAR1), a GPCR for the coagulant protease thrombin, is the predominant mediator of thrombin-elicited cellular responses. PAR1 is activated by an unusual irreversible proteolytic event, whereby thrombin binds to and cleaves the amino terminal exodomain of the receptor. This cleavage exposes a new with the absolute rate of receptor cleavage during a given time (7) , suggesting that each activated PAR1 signals, generates a defined amount of second messenger, and then shuts off. This places particular importance on the mechanisms that contribute to the termination of PAR1 signaling. The desensitization, internalization and downregulation processes of irreversibly proteolytically activated PAR1 signaling is poorly understood. Given the irreversible nature of PAR1 activation, we hypothesize that signal termination mechanisms are likely unique.
In most cell types, PAR1 resides both on the cell surface and in an intracellular compartment (8) (9) (10) , due in part to two distinct modes of receptor trafficking.
Unactivated PAR1 cycles constitutively between the cell surface and an intracellular pool. This provides an intracellular store of uncleaved receptors, which allows for rapid repopulation of the cell surface with naive receptors following thrombin exposure.
After activation with thrombin or peptide agonist SFLLRN, PAR1 is internalized, sorted predominantly to lysosomes and degraded (8, 11) . A PAR1 mutant in which all of the serines and threonines, potential sites of phosphorylation, in the cytoplasmic carboxyl tail (C-tail) were mutated to alanines was defective in agonist-stimulated internalization and degradation, whereas constitutive cycling of unactivated receptor remained intact (10) . In contrast, a mutant PAR1 in which residues between positions 397 and 406 within the C-tail were converted to alanine or glycine displayed normal internalization and lysosomal sorting when activated, but failed to tonically cycle in the absence of agonist (12) . These findings imply that separate signals regulate the distinct trafficking behaviors of unactivated and activated PAR1. Thus, the irreversible proteolytic nature of PAR1 activation may have necessitated an unusual pattern of receptor trafficking.
Phosphorylation of activated PAR1 is one important component for rapid desensitization of receptor signaling and internalization from the plasma membrane by guest on August 17, 2017 http://www.jbc.org/ Downloaded from (10) . We recently found that arrestin interaction with PAR1 also plays a critical role in uncoupling activated receptor from G protein signaling (13, 14) . Internalization and lysosomal sorting of activated PAR1 is another important process that mediates termination of receptor signaling. Our previous work demonstrated in fibroblasts that a PAR1 chimera containing the C-tail of the substance P receptor (P/S C-tail), a GPCR that internalizes and recycles back to the cell surface, showed enhanced and prolonged signaling after activation with thrombin (11, 15) . This prolonged signaling was apparently due to recycling and continued signaling by receptors that returned to the cell surface with their tethered ligands intact. Thus, the C-tail of PAR1 specifies an intracellular sorting pattern that is linked to its signaling properties. In contrast to most classic GPCRs, sorting of activated PAR1 to lysosomes rather than recycling is critical for termination of receptor signaling. Activated PAR1 is internalized via a clathrin-and dynamin-dependent pathway based on our previous findings that activated PAR1 is rapidly recruited to clathrincoated pits and internalization is blocked by dominant-negative dynamin and clathrin hub mutants (16) . These observations, together with the phosphorylation-dependence of PAR1 trafficking (10) , raised the possibility that arrestins function in PAR1 internalization. However, we recently found that activated PAR1 is internalized through a clathrin-and dynamin-dependent pathway independent of arrestins (13) . In mouse embryonic fibroblasts lacking both arrestin isoforms, termination of activated PAR1 signaling is impaired, however, agonist-induced internalization and lysosomal sorting of PAR1 is unaffected. These findings indicate that activated PAR1 internalization occurs via an arrestin-independent pathway, whereas regulation of receptor G protein coupling is clearly arrestin-dependent. Although arrestins are not essential for PAR1 internalization, C-tail phosphorylation of activated receptor was still 6 required for this process. Thus, PAR1 defines a new class of GPCRs: receptors that use a phosphorylation-, clathrin-, and dynamin-dependent endocytic pathway that is independent of arrestins. The mechanism by which activated PAR1 is recruited to clathrin-coated pits is not known.
We hypothesize that PAR1 internalization through clathrin-coated pits is controlled by multiple regulatory mechanisms. The first involves phosphorylation of the C-tail that occurs at multiple alternative sites (17) , any of which is sufficient for internalization. The second involves interaction with an adaptor protein (other than arrestins) that presumably binds to a sorting sequence present in the C-tail of PAR1 and recruits the receptor to clathrin-coated pits. In the present study we examined the regulation of PAR1 trafficking by a highly conserved tyrosine-base motif localized in the C-tail region of the receptor. Our findings strongly suggest that in addition to C-tail phosphorylation, a tyrosine-based sorting signal also regulates agonist-induced PAR1 internalization. These findings reveal a novel type of mechanism by which GPCRs can internalize through clathrin-coated pits. cDNAs and Cell Lines -A cDNA encoding wildtype PAR1 containing an amino terminal FLAG epitope has been previously described (19) . PAR1 mutants were generated from full-length cDNA using QuikChange TM site-directed mutagenesis kit (Stratagene), and specific mutations were confirmed by dideoxy sequencing. A PAR1 cDNA containing the substance P receptor cytoplasmic tail (P/S C-tail) has been described previously (11 isolated and quantitated as described previously (13) .
EXPERIMENTAL PROCEDURES

Reagents and Antibodies
Data Analysis -Data were analyzed using Prism 3.0 Software, and statistical significance was determined using InStat 3.0 (GraphPAD, San Diego, CA). (Fig. 1A) . In contrast, examination of the C-tail region of the β 2 -adrenergic receptor, a GPCR that requires arrestins for internalization (20) , failed to reveal such a motif.
RESULTS
Expression and
To begin to investigate the function of these conserved residues in PAR1 trafficking we generated a mutant PAR1 in which tyrosine-383 and leucine-386 were converted to alanines (Y383A/L386A). We first determined whether PAR1 Y383A/L386A mutant was expressed at the cell surface like the wildtype receptor.
HeLa cells were transiently transfected with either FLAG-tagged PAR1 wildtype or mutant and surface receptor expression was assessed by ELISA. In both PAR1 wildtype and Y383A/L386A mutant transfected cells a similar amount of receptor was detected on the cell surface at steady state ( and ~28%, respectively. Together, these data suggest a role for the tyrosine-based motif in agonist-induced PAR1 internalization.
The modest loss of agonist-induced PAR1 Y383A/L386A mutant from the cell surface appears to be caused by defective internalization. However, it is also possible that mutant PAR1 is normally internalized but recycled back to the cell surface rather than sorted to lysosomes like wildtype receptor. To distinguish between these possibilities we followed internalization and recycling of wildtype and mutant receptor bound to antibody (Fig. 4) . HeLa cells transiently expressing FLAG-tagged PAR1
wildtype or Y383A/L386A mutant were incubated with the calcium dependent M1-FLAG antibody for 60 min at 4°C, then washed to remove unbound antibody and incubated for 90 min at 37°C in the absence or presence of agonist. After incubation, surface bound antibody and agonist were removed by washing cells with PBS/EDTA, and the reappearance of previously internalized receptor-bound M1 FLAG antibody was followed over the next 60 min. The amount of antibody on the cell surface at various times was then quantitated by ELISA. A prolonged 90 min exposure to agonist peptide caused a substantial decrease in the amounts of surface PAR1 wildtype and Y383A/L386A mutant ( Fig. 4A and B) . By contrast, the addition of SFLLRN to cells expressing the P/S C-tail, a chimeric PAR1 bearing the C-tail of the substance P receptor, caused only a more modest 20% loss of cell surface receptor (Fig. 4C) , consistent with internalization and recycling of this receptor previously reported (11) .
After this initial agonist incubation, antibody was stripped from the cell surface with PBS/EDTA and the recovery of internalized receptor-antibody complex was followed. In PAR1 wildtype-expressing cells, a modest amount of recovery was observed in cells treated with or without agonist despite the large cohort of receptorbound antibody internalized by agonist (Fig. 4A) . Similarly, in cells expressing PAR1
Y383A/L386A mutant only a small amount of recovery was seen in cells incubated in either the presence or absence of agonist (Fig. 4B) . These results are consistent with the extent of constitutive internalization and recycling of PAR1 wildtype previously described (10) . In contrast, P/S C-tail expressing cells showed some recovery in cells that had not been pretreated with agonist; however, a greater amount of recovery of antibody was detected on the cell surface of agonist treated cells (Fig. 4C ), consistent with agonist-dependent internalization and recycling of P/S C-tail chimera (11) .
Together, these observations suggest that PAR1 Y383A/L386A mutant is not aberrantly recycled to the cell surface after agonist exposure and are instead consistent with a defect in agonist-induced internalization.
A PAR1 Mutant Lacking the C-tail Region Distal to the YXXL-Motif Constitutively
Internalizes -PAR1 C-tail phosphorylation is critical for agonist induced receptor internalization in multiple cell types (10, 13) . To determine whether the distal C-tail region containing the major sites of phosphorylation is critical for internalization, a PAR1 truncation mutant lacking the last 39 amino acids beyond the YXXL-motif was generated by introducing a stop codon at cysteine-387 (C387Z). We initially examined cell surface expression of PAR1 C387Z truncation mutant in transiently transfected HeLa cells. To our surprise, we observed a significant decrease in steady state amounts of surface PAR1 C387Z mutant compared to wildtype receptor (Fig. 5A) . Interestingly, however, a PAR1 C387Z truncation mutant in which the critical tyrosine-383 and leucine-386 were converted to alanine (C387Z -Y383A/L386A) displayed cell surface expression levels comparable to wildtype receptor (Fig. 5A) 5B ). These findings suggest that each activated PAR1 wildtype and mutant present at the cell surface is able to couple similarly to PI hydrolysis.
To determine whether decreased cell surface expression of PAR1 C387Z truncation mutant containing an intact tyrosine-based motif is due to constitutive internalization, we assayed the uptake of receptor-bound antibody over time. HeLa cells were transiently transfected with 0.2, 0.8, or 0.1 µg of plasmids encoding either FLAG-tagged PAR1 wildtype, C387Z mutant, or C387Z-Y383A/L386A mutant, respectively, to achieve similar amounts of cell surface expression. Cells were then incubated with M1 anti-FLAG antibody for 1 h at 4°C; under these conditions only receptors residing at the cell surface were labeled with antibody. Cells were then incubated in the absence or presence of agonist at 37°C for various times to allow internalization of receptor-bound antibody. After these incubations, antibody remaining bound to the cell surface was removed by washing with PBS/EDTA, cells were lysed and internalized antibody was quantitated by ELISA. In untransfected cells, the amount of antibody bound or internalized was negligible (data not shown). In PAR1 wildtype expressing cells not exposed to agonist, ~20% of antibody initially bound to the cell surface was internalized at steady state (Fig. 6A) , consistent with tonic cycling of the wildtype receptor as previously reported (10) . Agonist exposure caused a rapid and substantial ~80% increase in internalized wildtype PAR1-bound antibody by 10 min (Fig.6A) . In cells expressing PAR1 C387Z truncation mutant with an intact YXXL-motif, a significant ~50% of internalized receptor-bound antibody was detected in the absence of agonist. Interestingly, however, activation of PAR1 C387Z mutant failed to cause an increase in the amount of receptor-bound antibody uptake (Fig. 6A) , suggesting that this mutant receptor is internalized constitutively independent of agonist stimulation.
In contrast, PAR1 truncation mutant in which the critical tyrosine and leucine residues were mutated to alanines (C387Z-Y383A/L386A) failed to internalize in both agonist treated and untreated cells (Fig. 6A) . Studies examining agonist-induced loss of PAR1 wildtype and C387Z truncation mutants from the cell surface yielded similar results (Fig. 6B) . In PAR1 wildtype expressing cells, a ~50% loss of surface receptor was detected following 30 min of agonist exposure (Fig. 6B) . In contrast, agonist failed to induce significant loss of constitutively internalized PAR1 C387Z mutant or internalization defective PAR1 C387Z-Y383A/L386A mutant from the cell surface compared to untreated control cells. Together, these findings strongly suggest that an intact tyrosine-based motif is both necessary and sufficient for internalization of a PAR1 mutant in which the C-tail regulatory domain has been deleted.
Degradation of PAR1 C387Z Truncation Mutant Is Inhibited by Dominant-negative K44A
Dynamin -We next determined whether constitutively internalized PAR1 C387Z truncation mutant is being degraded via a dynamin-dependent pathway. Dynamin K44A mutant is defective in its GTPase activity and functions as a dominant-negative protein to block endogenous dynamin activity in HeLa cells (22 (Fig. 7A , lanes 6 and 7, lower panel). Interestingly, the amount of PAR1 C387Z protein detected was not affected by agonist exposure in all transfection conditions, suggesting that the receptor is constitutively degraded in an agonist-independent manner. However, mutation of the critical tyrosine and leucine residues in the PAR1 truncation mutant (C387Z -Y383A/L386A) abolished constitutive degradation of the receptor mutant (Fig. 7B) .
Thus, the ability of dynamin K44A mutant to inhibit constitutive degradation of PAR1
C387Z mutant strongly suggests that lysosomal sorting occurs via a dynamindependent pathway. These findings further suggest that an intact tyrosine-based motif is sufficient to promote sorting of PAR1 to a degradative pathway when exposed at the carboxyl terminus. (Fig. 8) . Similarly, a greater amount of PAR1 wildtype was present on the cell surface compared to C387Z truncation mutant in vector transfected cells (Fig. 8) , suggesting that wildtype dynamin did not induce loss of PAR1 C387Z mutant from the cell surface. Strikingly, however, a comparable amount of PAR1 wildtype and C387Z mutant was measured on the surface of cells co-expressing K44A mutant dynamin (Fig. 8) . The apparent decrease in surface PAR1 wildtype in cells coexpressing K44A mutant compared to control cells is likely caused by receptor being trapped in deeply invaginated coated pits formed by the action of dominant-negative dynamin ( Fig. 8 ) (16) . Such trapped surface receptors are most likely not accessible to antibody and therefore cause an underestimation of the total receptor present at the cell surface. Together, these findings suggest that PAR1 C387Z mutant containing an intact tyrosine-based motif is constitutively internalized through a dynamin-dependent pathway.
Immunofluorescence confocal microscopy studies are consistent with a dynamindependent constitutive internalization of PAR1 C387Z truncation mutant. In cells expressing wildtype GFP-tagged dynamin, exposure to agonist for 10 min at 37°C caused internalization of wildtype PAR1-bound antibody into endocytic vesicles, whereas virtually no internalized receptor was detected in untreated control cells (Fig.   9A ). In contrast, PAR1 C387Z mutant redistributed to distinct endocytic vesicles in dynamin wildtype expressing cells treated with or without agonist (Fig. 9B) . Similar results were seen in untransfected cells, suggesting that wildtype dynamin did not induce constitutive internalization of PAR1 C387Z mutant (Fig. 9B, arrows) . Agonisttriggered internalization of PAR1 wildtype was abolished in cells expressing GFPdynamin K44A mutant, whereas in adjacent untransfected cells, endocytic vesicles containing PAR1 were clearly evident (Fig. 9C) . Interestingly, mutant dynamin K44A also blocked constitutive internalization of PAR1 C387Z mutant; however, adjacent untransfected cells showed robust PAR1 C387Z internalization even in the absence of agonist (Fig. 9D) . In contrast, PAR1 C387Z mutant in which tyrosine-383 and leucine-386 were converted to alanine remained localized to the cell surface even after agonist incubation (data not shown). Taken together with the results described above, these observations strongly suggest that PAR1 C387Z mutant bearing an intact YXXL-motif is constitutively internalized and degraded via a dynamin-dependent pathway.
The PAR1 C387Z -Y383A/L386A Mutant Is Defective in Signal Termination
In addition to phosphorylation and arrestin binding (13, 14) , internalization and lysosomal sorting of activated PAR1 is also critical for termination of receptor signaling (11) . To determine whether PAR1 C387Z truncation mutants are defective in signal termination we examined shut off of PI hydrolysis in cells (15 Fig. 10 B and C) .
These data suggest that proteolytically activated PAR1 C387Z-Y383A/386A mutant signals persistently in the absence of agonist and lend further support for the idea that internalization is critical for termination of signaling by proteolytically activated PAR1.
DISCUSSION
We previously reported that activated PAR1 internalized through a clathrin-and dynamin-dependent pathway independent of arrestins (13) . Interestingly, however, phosphorylation of the C-tail region of PAR1 was still essential for agonist-triggered receptor internalization. Towards understanding the mechanisms responsible for activated PAR1 recruitment to clathrin-coated pits and internalization from the plasma membrane we examined the function of a C-tail localized highly conserved tyrosinebased motif in receptor trafficking. Our findings strongly suggest that agoniststimulated PAR1 internalization is also regulated by a tyrosine-based motif. A PAR1 mutant in which the critical tyrosine-383 and leucine-386 were converted to alanines was significantly impaired in agonist-induced internalization. Consistent with a decrease in mutant PAR1 internalization, a concomitant inhibition of agonist-triggered receptor degradation was also observed. In contrast, agonist-independent constitutive internalization and recycling of unactivated PAR1 mutant remained intact. Moreover, a PAR1 truncation mutant in which the YXXL-motif was exposed at the carboxyl terminus yielded a receptor that constitutively internalized and down-regulated in an agonist-independent but dynamin-dependent manner. These results strongly suggest that the tyrosine-based motif functions as a trafficking signal for activated PAR1.
Together, these findings raise the distinct possibility that agonist-triggered PAR1 internalization is regulated by multiple mechanisms including C-tail phosphorylation and a highly conserved tyrosine-based motif.
In the classic paradigm, activated GPCRs are phosphorylated and bind arrestins, which facilitate receptor interaction with components of the clathrin endocytic machinery. In contrast, activated PAR1 is phosphorylated and recruited to clathrincoated pits independent of arrestin binding (13) . A PAR1 C-tail mutant, in which all serines and threonines were replaced with alanines, is defective in agonist-induced phosphorylation and fails to internalize in multiple cell types (10) . In addition, a PAR1 C-tail truncation mutant Y397Z lacking the distal carboxyl terminal portion of the C-tail is also impaired in agonist-triggered phosphorylation and internalization (10) .
Interestingly, however, activated PAR1 C-tail phosphorylation occurs at multiple regulatory sites any of which is sufficient for internalization (17) . These findings suggest that phosphorylation of the C-tail of PAR1 is the major initiating event responsible for receptor endocytosis. In addition to phosphorylation, our results suggest that a highly conserved tyrosine-based motif also functions in agonist-induced PAR1 internalization.
It is possible that activated PAR1 C-tail phosphorylation induces a conformational change in the receptor that exposes the YXXL-motif and thereby facilitates receptor internalization. Indeed, removal of the C-tail region of PAR1 distal to the YXXL-motif containing the major sites of phosphorylation resulted in constitutive receptor internalization, whereas a truncation mutant in which the critical tyrosine and leucine were converted to alanine failed to internalize. Consistent with these findings, agonistinduced C-tail phosphorylation of the δ-opioid GPCR is essential for internalization, whereas agonist-stimulated internalization of truncation mutants appears to occur independent of receptor phosphorylation (23) . These findings raise the possibility that agonist-induced phosphorylation of the C-tail region of GPCRs removes an inhibitory signal and thereby exposes a positive signal that controls the initial endocytosis of these receptors. resides from the transmembrane domain and at the carboxyl terminus of proteins (24) .
We have found that the PAR1 C387Z truncation mutant containing a carboxyl terminal YXXL-motif is constitutively internalized and degraded independent of agonist, suggesting that this signal functions not only in internalization but also promotes lysosomal sorting of the receptor. However, we cannot exclude the possibility that we have inadvertently converted the PAR1 YXXL-motif from a predominantly endocytic signal to a lysosomal sorting signal by changing its position relative to the carboxyl terminus. Regardless, our data strongly suggest a role for the tyrosine-based motif in agonist-triggered trafficking of PAR1.
The adaptor protein complex-2 (AP-2) interacts with YXXφ signals within the cytoplasmic tails of transmembrane proteins and thereby facilitates recruitment to clathrin-coated pits at the plasma membrane. AP-2 is a heterotetrameric complex composed of two large subunits (α and β2) and two smaller subunits (µ2 and σ2). To determine whether YXXφ motifs are unique to a few GPCRs or whether such motifs are commonly found in the cytoplasmic tails of GPCRs we examined the C-tail regions of all predicted human GPCRs for such motifs (see Fig.11 supplemental data).
Interestingly, sequences conforming to the YXXφ are common in the C-tail region of many GPCRs including receptors that are activated by peptides. These findings raise the exciting possibility that YXXφ could serve diverse functions in GPCR trafficking including endocytosis, lysosomal sorting or basolateral targeting in polarized cells.
However, it remains to be determined whether these sequences are active as sorting signals or whether they remain inactive because they are folded within the protein structure and therefore are inaccessible for interactions with adaptor sorting molecules.
Surprisingly, these analyses also revealed a second tyrosine-based motif YKKL located close to the carboxyl terminus of the PAR1, whether this motif functions in PAR1
trafficking is not known.
The findings in this study reveal that internalization of activated PAR1 is controlled by multiple regulatory mechanisms including C-tail phosphorylation and a highly conserved tyrosine-based motif, YXXL. A PAR1 mutant in which the critical tyrosine-383 and leucine-386 residues were converted to alanines was significantly impaired in agonist-induced receptor internalization, whereas constitutive internalization and recycling remained intact. A PAR1 truncation mutant that contained an intact tyrosine-based motif at the carboxyl terminus constitutively internalized and degraded, whereas a mutant in which the critical tyrosine and leucine were replaced with alanines failed to internalize. These findings demonstrate for the first time a role for a tyrosine-based motif, YXXφ, in GPCR trafficking. We examined whether PAR1 mutants defective in trafficking had a functional correlate. Internalization defective PAR1 C387Z-Y383A/L386A displayed persistent signaling long after thrombin removal, in marked contrast to the efficient termination of signaling by wildtype PAR1
in the same cells. These findings suggest that internalization of proteolytically activated PAR1 is critical for the temporal fidelity of thrombin signaling in cells. Together, our results suggest that internalization of proteolytically activated PAR1 through clathrin- 
